Wheel-rail contacts operate in an arduous and contaminated environment. Railway track running surfaces can become damaged either prior to or during operation. This work is aimed at understanding how that surface damage can affect the life of railway track. Pre-damaged surfaces and track damaged by the entrainment of solid contaminants are considered under both oil and water lubrication. A series of small-scale laboratory experiments has been carried out on a twin-disc rolling-sliding test machine. The test discs are artificially indented and run under typical wheel-rail contact conditions. The experimental results revealed that artificial dents only reduce the fatigue life of the contact under oil, but not water lubrication. With oil lubrication the fatigue failure initiates close to the location of the surface defect. However, with water as the lubricant the whole of the surface undergoes cracking with the defect having no preferential effect. Studies have also been carried out to investigate the damage caused by the entrainment of solid particles into the wheel-rail contact. This kind of damage can accelerate surface fatigue and also lead to excessive wear. An attempt has been made to quantify the wear process and develop a simple empirical model.
INTRODUCTION

Surface-initiated contact fatigue
The failure of railway track in service can cause catastrophic train derailment, resulting in extensive material damage, human injury and disruption to the transport infrastructure. Although much confusion can still be found over the terminology of rail damage, it is usual to differentiate between surface-and subsurface-initiated failures [1] . Rail damage is characterized as surface cracking, pitting or complete fracture of the rail. Modern demands on the rail such as high-speed trains and increasing axle load have introduced new damage phenomena. There are a number of different rolling contact fatigue failures that occur to today's railway networks. Squats are cracks, 25-50 mm in length, which propagate at a shallow angle to the surface before branching upwards to form a spall or downwards to cause a rail fracture. Head checks are a series of surface breaking cracks at the gauge corner of the rail, typically on the high (outer) rail in curves. Typically this fatigue damage is associated with highly loaded track where there is excessive plastic flow of the surface layer [2] , or in regions of high sliding at the rail corner [3] .
However, sometimes surface-originated fatigue failure occurs on regions of the rail network not associated with regions of high load and/or slip. This work has, in part, been motivated by the question as to whether pre-existing surface damage could be responsible for the premature initiation of surface fatigue.
Rail surface defects and solid contaminants
Railway track does not possess the same level of geometrical precision as other contacting machine components like bearings or gears. Surface damage, or an irregular surface finish, is inevitable. Depending on the manufacturing process (or the level of surface wear), a certain surface topography will be present. The surface can exhibit manufacturing defects and indentations that stem from handling or operating damage. An example of surface defects caused by manufacture is shown in Fig. 1 . All of these features will change the contact conditions and could affect the rail life.
Surface damage can also be caused by the presence of a solid body on the line [4] . This may be from the dispersion of freight goods such as coal or minerals, or the presence of ballast stone thrown onto the track either by the passage of the train or during ballast cleaning operations. Additionally, in some cases, where a driver experiences low traction (particularly on steep or liquid-contaminated track), sand may be deliberately placed on the track surface to improve traction. Railway track in desert areas is also known to suffer from severe wear induced by windborne sand particles. All but very large particles will become entrained into the wheel-rail contact and will experience a high load and necessary fracture. Some of the fracture fragments will be ejected clear of the contact while others will pass into the contact and be subjected to further crushing. The effect of these contaminants is of concern since they may cause surface damage and accelerated wear of both track and wheel.
Surface defects and rolling contact fatigue
There has been considerable work in the railway engineering, mechanical engineering, and metallurgy communities to study rail behaviour and, in particular, to predict rail failures. Frequently this has involved expensive track-side trials or laboratory-based disc testing. Most of this work has been focused on increasing rail rolling contact fatigue life by improved selection of rail steel (reducing its inclusion content) and trying to determine the mechanisms of the fatigue failures. The presence of defects on a contact surface will depart considerably from the smooth contact.
In rolling bearings, indentations on raceway surfaces are known to be a major cause of component failure. The defect, usually originated from the entrainment of debris in the lubricant supply, acts as a local stress concentration during the passage of the rolling element. The presence of surface defects (or an especially contaminated lubricant) can lead to significant reductions in component life. The rolling bearing normally, however, operates under conditions of full film lubrication and stress below the elastic limit. Railway track is usually unlubricated (or lubricated with water), and operates at loading levels that induce the build-up of plasticity in the near surface region.
This work is aimed at investigating the influence of different types of surface defects on contact fatigue life under a range of realistic wheel-rail contact and lubrication conditions. The defected surface and the role of particle contamination have been studied. Experiments are based on a twin-disc simulation of the wheel-rail contact.
EXPERIMENTAL PROCEDURE
Twin-disc testing machine
A twin-disc testing machine was used to carry out the rolling contact experiments. The machine was specifically designed to investigate wheel-rail contacts and is described in detail by Fletcher and Beynon [5] . A pair of steel discs was loaded together hydraulically and driven independently by two electric motors. The load was applied to give a contact pressure (determined from Hertzian line contact analysis) of 1500 MPa; this results in a rectangular contact of 0.7 mm by 10 mm (i.e. the width of the disc contact track). An advanced control system allows the discs to be driven at fixed stable slide roll ratios. The driving torque and rotational speeds were measured by means of a torque transducer and rotary shaft encoders. The wheel discs are rotated faster than the rail discs such that the slide roll ratio is 1 per cent. The wheel therefore acts as a driver while the rail disc is driven (follower disc). The discs were machined from sections of rail head and wheel rim material. Two rail (R1, R2) and two wheel (W1, W2) pearlitic steels were used in these tests; their material compositions and properties are given in Table 1 . The discs were manufactured to the dimensions of 47 mm diameter and 10 mm width. All cutting and machining operations were conducted to maintain the original microstructure and properties. The running surface of each disc was ground to an average roughness of R aˆ0 :35 ím. The dimensional tolerance of the discs was measured for roundness and eccentricity using a Talyrond profilometer.
Test procedure
Artificial surface defects
Five types of defect were manufactured on the follower rail disc: transverse and longitudinal scratches, conical dents, pyramidal dents and drilled holes. The reason that surface defects were only made on the rail disc surface is that most previous research has demonstrated that cracks only propagate in the driven (rail) surface due to a fluid entrapment mechanism [6, 7] . Surface-initiated fatigue cracks are generally not found on the driving disc.
The width and length of the furrows were approximately 0.1-0.3 mm and 5 mm respectively. They were made by scoring with a carbide-tipped cutting tool (tip radius 0.05 mm). The conical and pyramidal dents were of 0.4-1.2 mm diameter and produced using Rockwell and Vickers 
Contaminated tests
R2 and W2 steels were used in dry contaminated tests. The contaminant was prepared from railway track granite ballast which was subsequently crushed. In the wheel-rail application a piece of ballast on the line will be crushed into fragments by the passage of the wheel. In this work the ballast is pre-crushed so the fragments can easily enter into the twin disc contact. The initial particle size distribution of the crushed powder was measured using a Coulter laser particle size analyser and the average mean particle size was found to be 0.29 mm. The particles were fed into the contact by hand as uniformly as possible. Weighing the mass of particles fed into the contact and dividing by the test time gave a feed rate of 6.5 mg=cycle. These tests were performed to assess the level of surface damage obtained after, say, the crushing and rolling over of a piece of ballast dust. Test durations were thus kept short and prolonged accurate feeding of particles was not thought to be necessary.
Oil and water lubrication
Lubricants were applied using a gravity drip-fed system so as to maintain a constant meniscus of liquid in the inlet region. The contact area was lubricated respectively by supplying approximately 1 drip per second for water or 1 drip per 3 seconds of mineral oil.
Analysis of specimens
Tests were regularly interrupted to take replicas of the disc surface and record the weight. At each interruption the discs were removed from the machine, cleaned, weighed and measured before replacing and continuing with the test. Selected discs were sectioned, and wear debris and the crack morphology were studied using an optical microscope and a scanning electron microscope (SEM). The microhardness variation with depth below the contact surface was also measured. With any fatigue life estimation it is important to set some criteria that can be considered as the failure point. The number of cycles to failure is often arbitrary. In these tests an eddy current detector was used to monitor crack growth. Typically, a triggering point was set for a crack to have reached a length of 500 ím (the probe sensitivity was determined using a set of calibration discs pre-machined with slots of various depth). However, in many of these tests failure became quickly apparent when a spall was formed on the disc surface.
EXPERIMENTAL RESULTS
Artificial defects under oil and water lubrication
The deformation of surface defects
For an oil-lubricated test, a low, reasonably constant, friction coefficient of 0.04 was observed. The wear loss was very low, at an average 0.02 íg=cycle. Figure 2a shows how the dent size (diameter for conical indent and diagonal length for pyramidal indent) varied during the test. With an oil-lubricated rail steel surface, the dent size showed an abrupt size reduction (typically 50 per cent) during the first few cycles and then remained virtually stable. The transverse and longitudinal furrows in oil demonstrated a similar change, i.e. a distinct decrease in their width taking place during the first cycles and then reaching a stable state.
With water lubrication, friction coefficients started low and then rapidly increased to a high value of 0.18. The wear loss was on average 0.8 íg=cycle. For the waterlubricated experiments the size change of the artificial indentations was somewhat different from that for oil. In all cases, a stable shakedown dent was not formed and deformation continued until the mouth of the dent closed (see Fig. 2b ). The larger conical dents appeared the most resilient, and took around 60 000 cycles to be reduced to a small size. A similar test was carried out on a surface containing a drilled hole. Observations of sections through the hole after running 42 000 cycles demonstrates that this disappearance of the dent was not due to wear of the surface but rather by plastic flow closing the dent mouth. Figures 3a and b show sections, on planes transverse and parallel respectively to the direction of rolling, taken through two drilled holes after running for 42 000 cycles. It is clear how the plastic flow in both planes has acted to close the dent mouth; note the preferential plastic flow in the direction of traction in the parallel section.
The characteristics of failure
Under oil lubrication, the experiments showed a clear influence of the presence of conical and pyramidal dents on cycling life. Cracks and pits occurred around these dents.
Most of them initiated a small distance from the trailing edge of the indentation. As shown in Figs 4 and 5, a clear curved crack initiated at the trailing edge of the dents (after around 200 000 cycles). The crack finally developed into a spall (at around 900 000 cycles). Scanning electron microscope (SEM) visualization (Figs 6a and b) shows that the spall is located just behind the trailing side of the drilled hole. In all this work the spalls were found to initiate at a location coincident with the trailing edge of the original indentation edge and not the edge of the deformed indentation.
Interestingly, neither transverse nor longitudinal furrows had any influence on oil-lubricated disc cycling life. No obvious pit or crack was observed around these furrows although they tended to be worn out after many cycles. The furrows are produced by machining while the conical and pyramidal defects are produced by indentation. It is thought that the raised dent shoulders, associated with the latter, cause high local shear stress and promote fatigue cracking.
With water lubrication, the dents had little influence on the life of rolling contact fatigue failure. Figures 7 and 8 show the sequence of typical tests with Rockwell and Vickers indentations. The dent was deformed throughout the test and the dent mouth closed. This effect was not caused by wear but rather by the plastic flow of surrounding material that filled in the dent. There was no preferential cracking at the dent location. Cracks formed across the whole surface at the same number of cycles as an undamaged surface failure (typically 40 000-50 000 cycles under these conditions of load and slip). All dent shapes and sizes (including the drilled hole) showed the same behaviour. Figure 9 shows the surface of a disc containing (a) a parallel and (b) a transverse scratch at the end of the test (after 40 000 cycles). Again, the presence of the scratches did not have any effect on the fatigue life of the surface, although the transverse furrows have promoted the formation of a network of cracks along the original trailing edge of scratch. These have joined together to form an extended crack. Cracks grew everywhere on the surface, most of them in the transverse direction. However, this occurs at the same time as cracking on the surface remote from the scratch. The same does not occur in the case of longitudinal furrows. In this case, cracks grow in the transverse direction and ignore the existence of a longitudinal furrow. Table 2 summarizes the effect of all the dents and scratches on observed failures and fatigue life.
The effect of contact pressure and slip under water lubrication can be seen in Fig. 10 . A non-contact eddy current probe was used to scan continuously the full width of the rail disc during these water tests. For each test the same eddy current threshold was set to the same critical crack depth of 500 ím. The decrease in contact pressure from 1500 to 900 MPa causes an increase of cycling life from 50 000 to 310 000, and a decrease in crack density (see Figs 10a and b). A slip increase from ¡1 per cent to ¡10 per cent at the same contact pressure causes the life to decrease to 41 000 and surface shear clearly increases due to the higher traction (Figs 10a and c).
A section through the surface, in the direction of motion, revealed differences in morphology between oil-and waterlubricated cases. In oil lubrication, there were only a few cracks around the surface defect, which were generally located just behind the trailing side of the dent located at the depth of the maximum stress in Hertzian contact. These shallow cracks tended to stay in the near-surface region and propagate upwards to the surface. On the rest of the surface, remote from the indentation, there were no cracks or plastic deformation (see Fig. 11a ). However for rail under water lubrication, there was obvious surface plastic deformation and cracks grew at many locations. As shown in Fig. 10b , the inclined cracks grew deep into the specimen and exhibited some branching. Cracks initially propagated at an angle of 30-408 to the surface, in a direction opposite to that of the traction. Branches formed at right angles to main crack at depths around 500 ím. This is typical of surface cracking observed with water-lubricated rolling contact [7, 8] .
At 900 MPa cracks were prone to this type of crack branching and networking. However, at 1500 MPa, ¡10 per cent slip, it was common to see isolated cracks propagating deep into the surface. Clearly, crack growth deep into surface is the dominant feature of water-lubricated contacts rather than the surface spall failure observed under oil lubrication.
Solid contaminants
In the second part of this study, surface damage was created by the entrainment and rolling over of solid particles. This 
Wear debris morphology
SEM examination of the wear debris revealed that it consisted of small flakes of material~1 mm in diameter bỹ 20 ím thick, as shown in Fig. 12a . Closer examination of the flakes showed they are an agglomeration of loosely bonded subgrains of granite and small platelets of steel ( Fig. 12b ). An ultrasonic bath was used to break down the flakes; the size was measured and the median found to be 1.0-1.4 ím. It appears that the granite particles are initially broken down in the entry of the contact. These fragments then agglomerate, together with steel wear debris, into platelets that are then pressed and sheared in the contact. This process is shown schematically in Fig. 13 .
Surface damage
During the first few cycles of a test, both the wheel and rail disc surfaces quickly took on a frosted appearance due to the abrasive action of the granite contaminant. Further cycles produced little change in the disc surface appear-ance. The friction coefficient was typically in the range 0.2 to 0.25.
Wear grooves and peeled away material can be observed in the SEM close-up of the worn rail disc surface (Fig.  14a) . The grooves were found to be typically 10 ím long by 1 -2 ím wide, which is consistent with both the distance a particle slides in the contact (obtained from the product of the slip ratio and the contact width in the direction of rolling) and its final size. This indicates that the ultimate fragment particle size is an important factor since it largely defines the magnitude of the surface damage. Examination of the wheel disc surface (Fig. 14b ) revealed a very different surface morphology. There were many indentations and pits visible (typically 2 -3 ím in size) with no grooves or scratches present.
The rail disc was found to wear more than the wheel disc (typically 40 íg=cycle for the rail against 12 íg=cycle for the wheel). A test was performed swapping the driver and driven disc (i.e. the rail acted as the driver); the rail disc still wore at a faster rate. These wear rates are somewhat higher than those for uncontaminated dry tests (15-20 íg=cycle) [9] . All this evidence supports the theory that hard contaminants entering a rolling-sliding contact are crushed and then embed into the softer surface (the wheel disc at 262 Hv) and gouge the harder surface (the rail disc at 273 Hv) [10, 11] . Further wear data and a proposed model are given in reference [12] . Near the surfaces of both the rail and wheel discs were found flakes and cracks that initiate and propagate wholly within the heavily deformed surface microstructure (Fig.  11d ). Deformation of the microstructure could be seen to a depth of 1.0 mm. This type of deformation is often ob-served in wheel-rail contacts, where each pass of the wheel imparts an increment of plastic shear strain, which eventually forms a layer of sheared material near the surface [7] .
An estimate of the accumulated strain can be found from the deformed microstructure. Conventionally [7] , the tangent of the angle ç between the deformed microstructure and the normal to the disc surface at an (arbitrary) depth of Table 3 shows that the wheel steel, being slightly softer and more ductile, accumulates greater strain before fracture. The presence of surface contaminant causes an increase in the level of surface plastic deformation; however, fatigue failure was not associated with single debris indentations. After an initial period of running with ballast contamination (500 cycles) the discs were run clean until surface failure occurred. Failure again occurred across the whole surface, this time at 27 000 cycles (see Table 2 ). Thus the surface damage acted, not as a fatigue initiation site, but rather as a mechanism to enhance the level of surface plastic flow and reduce the number of cycles required to exceed the surface ductility.
DISCUSSION
Fluid film thickness
The nature of the failure differences between the oil-and water-lubricated cases is a function of the differences in traction force between the two cases. This in turn is dependent on the state of lubrication between the two discs. For the oil-lubricated test, an elastohydrodynamic film is formed between the wheel and rail; with water, however, only a very thin liquid film is retained between the contact surfaces.
These two fluid film thickness values have been estimated using the regression equations of Dowson and Higginson [13] for oil and Chen et al. [14] for water. The results are shown in Table 4 . Also shown is the lambda value, ì , which is the ratio of the lubricant film thickness to the composite surface roughness
where ó 1 is the r.m.s. surface roughness of surface 1.
With relatively thick elastohydrodynamic films, as in the oil case, the infrequent asperity contacts lead to reduced traction and a commensurate drop in the rate of accumulation of plastic strain in the surface. The life to crack initiation of the surface is therefore greater. As asperity contact increases with decreasing film thickness, as in the water case, cracks are formed more readily and in greater numbers [15] .
The experimental results by Cheng et al. [16] have revealed that when the film thickness parameter ì is smaller than 0.3, cracks are initiated everywhere on the surface, and when ì is greater than 0.5, no surface cracks could be found, except at the region near surface defects [16] [17] [18] . This is consistent with experimental results of the authors. When ì , 0:017 in the water-lubricated case without appropriate film protection, surface cracks grow everywhere (see Figs 7, 8 and 9) . When ì . 1:3 in the oillubricated case, cracks only initiate near the defect (see Figs 4 and 5) , where the film profile is affected by the existence of the defects.
The hydraulic pressurization mechanism
The presence of a fluid is thought also to promote a phenomenon known as hydraulic pressure propagation. In the dry case it is thought that the crack faces stick under load and that the only propagation mechanism is by the action of relatively low magnitude shear stresses (i.e. mode II). However, when the fluid is present the crack is physically forced open by fluid pressurized in the crack, and a much more rapid mode I propagation is possible.
Sullivan and Middleton [15] explained the influence of water on crack propagation rate as originating from two effects. One is mechanical, where a greater volume of fluid is more likely to maintain the high compressive stress necessary for rapid crack growth. The other is chemical, where, according to Scott [19] , water-produced hydrogen diffuses into the highly stressed material ahead of the microcracks, resulting in hydrogen embrittlement. In addition, the effect of water and oil lubrication can be different for each of the two modes of crack growth [20] . Oil with a high-pressure viscosity coefficient is more effective in reducing friction of the initial shear crack faces, while water with low viscosity would penetrate to the crack tips more easily in branch cracking. As a result, surface cracks do not propagate beyond the work-hardened surface layer with oil, whereas the water lubrication results in much deeper branched crack networks. This is consistent with the present experimental results in which pits or a spall are restricted to a near-surface region with oil lubrication but in water cracks grow deep into the surface. A review of published rolling contact fatigue literature over the past twenty years reveals that most engineering elements with spall-related failures occurred under oil lubrication (bearings and gears, etc.) [21] , while most crack-related failures took place under water lubrication, such as wheel-rail contact [7, 8, 20] . This may emphasize that the mechanism of cracking or spalling is strongly dependent on the lubrication condition. Pure spalling failure signifies extremely good lubrication and predominant surface fatigue signifies inferior lubrication [22] .
Stress intensity factor and coefficient of traction
The propagation of cracks in either oil or water lubrication can be analysed using a simple fracture mechanics approach. Kaneta et al. [23] give a method for determining stress intensity factors for surface-breaking cracks in rolling-sliding line contact. The stress intensity factors that represent the intensities of the fields of shearing stress, ô rõ , and tensile stress, ó õ, near the crack tip are expressed as follows:
Kó ( õ )ˆóõ 2ðr pˆc os õ
where (r, õ ) indicates the polar coordinate systems, the origin of which is located at the crack tip. It is shown [23] that when a crack is small, the maximum tensile stress intensity factor Kó max is much smaller than the threshold stress intensity factor range ¢K ó th during a loading cycle. Conversely, maximum shear stress intensity factor Kô max has a relatively large value when the crack is closed. Therefore, it is expected that crack growth occurs along the original crack plane by shear mode.
If it is assumed that there is present a small crack of length a, which is, say, one tenth of the half width of the contact, c (i.e. where a=cˆ0:1), angled at 458, published stress intensity factor data are available [24] . The data are presented in non-dimensional form as
where ¢F ô max is tabulated [24] for various crack lengths, angles and friction coefficients. For a surface friction coefficient of 0.04 (corresponding to the oil-lubrication tests) and a contact pressure p 0ˆ1 500 MPa, the maximum shear stress intensity factor range is calculated as ¢K ô maxˆ1 :06 MPa m 1=2 Repeating this calculation for the water lubricated case, where íˆ0 :18 gives ¢K ô max 2:75 MPa m 1=2 . The threshold stress intensity factor is approximately, ¢K ô th º 1:5 MPa m 1=2 [25] , so a crack is not expected to propagate under oil lubrication without the presence of further stress concentration (i.e. a surface defect causing a local contact stress increase). However, for water lubrication, the stress intensity exceeds this threshold value, and shear mode growth would be expected to occur.
From the above results, it can be concluded that a microcrack may propagate in shear mode only when sufficient surface traction exists. The reason is that the contact pressure gives rise to a large compressive stress field in the neighbourhood of the contact region, so that, crack growth is unlikely to occur without sufficient surface traction. In addition, the surface traction is the controlling factor for lubricant seepage into the crack and for shear mode crack growth rate. The analytical results support the hypothesis that a crack first propagates in shear, and that crack growth by tensile mode follows due to a hydraulic effect on crack faces by the lubricant that has penetrated into the crack.
Contaminant-originated surface damage
The process whereby particles become trapped between two surfaces, removing material from one or both, is classified as closed three-body abrasive wear. Experiments with solid contaminants have shown that the rail disc wears more than the wheel disc. It has been shown by several workers [26] [27] [28] [29] that the hardness ratio controls this mechanism. Particles embed in the softer surface and scratch the harder; the harder surface thus wears at a greater rate than the softer. In this case, the embedded particles seem to offer a protective effect to the wheel surface. It is interesting to observe that even very slight differences in hardness (in the present case 262 Hv for the wheel and 273 Hv for the rail) can result in some 2.5 times greater wear on the harder surface than on the softer. It should be pointed out that this hardness ratio effect only occurs in the three-body regime. In two-body wear (where no abrading particles are present) the softer surface is expected to wear more than the harder.
The debris dents themselves have not acted as local sites for fatigue crack initiation. However they do result in a more rapid increase in accumulated surface strain. Table 3 shows that the accumulated strains in contaminated cases are slightly less than in clean dry tests but more than in oil or water environment tests. This is attributed to the lower friction coefficients (average of 0.23), and hence lower shear traction, observed during these contaminated tests.
Without the presence of contaminants, friction coefficients of 0.41 were recorded in the dry tests. The particles cause a reduction in friction coefficient from the dry case. The reason for this behaviour is not entirely clear; it is possible that the shearing of the debris flakes requires a lower stress than the interfacial shear strength of the steel contact. This could be caused by one of two mechanisms; either the granite material under hydrostatic pressure has a low shear strength or the subgrains themselves are sliding over one another. Figure 15 shows the strain hardening beneath the rail disc contact surface for the different test conditions. It can be seen that for the continuous contaminated test there is obvious work hardening and the maximum hardness occurs at the surface, which is about 2.8 times the initial hardness. However, for the water and oil lubrication tests, there are no obvious differences in the behaviour of maximum hardening (about 1.3-1.5 times the initial hardness), both of which occur at 0.18-0.23 mm below the contact surface. This is close to the depth of maximum shear stress, ô 1 , of 0.24 mm, which has been estimated from an elastic Hertzian analysis.
An important observation in this work was the absence of a difference in the subsurface work hardening between water-and oil-lubricated cycling under the same contact pressure. This means that simply using work hardening as a measure of the damage in the material is inadequate to describe the fatigue behaviour. This phenomenon has also been found in the cases with or without a reversal in the direction of the test [8] . Also, we can see from Figs 11a and b that plastic deformation at the surface is driven largely by the tangential traction, not by the magnitude of the normal pressure.
In order to observe the effect of initial contamination damage cycles on life, an additional test was carried out by first running 500 contaminated cycles and then following with clean water lubrication. The results show that the surfaces have a similar deformation microstructure and strain hardening profile as those with water lubrication only (see Figs 11c and 15 ). However, it can be seen by careful observation of Fig. 11c that the initial 500 contaminated cycles have indeed caused more surface damage and induced a greater number of surface cracks. Similar to dry cycling, contaminated cycling under a coefficient of friction higher than water will cause more ratcheting of the surface layer. This incubation period (of either dry cycles or contaminated wet cycles) will cause the ductility alone to be exceeded in a shorter time and therefore rapid initiation of cracks. During the whole phase, liquid enters the crack. The approaching loaded contact closes the crack mouth, raising the pressure of trapped fluid and causing mode I and mode II crack rolling contact fatigue propagation. As a result, it is observed that the life drops from 50 000 with water alone to 27 000 when the wet test has been preceded by 500 contaminated cycles. Table 3 also shows that the accumulated strains in water and wet contaminant cases are much smaller than those observed in the tests where contaminants were present throughout.
The twin-disc simulation
All tests here have been performed on a twin-disc platform and results deduced accordingly. The question arises as to whether these results can be transferred to the wheel-rail case. There are a number of factors that have not been considered in this model experiment. The wheel-rail contact is three-dimensional and consists of variable loading cycles and intermittent lubrication. This has been approximated by a smaller two-dimensional contact under constant load and lubrication. However, the present experiments seem to suggest that the rail is so insensitive to defects that these model assumptions are not critical, and the simulations will show broadly equivalent results. Perhaps of more concern is the effect of large size defects on the dynamics of the wheelset. The disc machine is a stiff system and essentially quasistatic. It is not expected that the discs are subjected to excessive impact loading from even relatively large defects. In these tests the 1.5 mm diameter drilled hole did not cause failure of a line contact 10 mm 3 0:6 mm in size. It is likely that a dent larger than the size of the contact patch in a wheel-rail contact would cause excitation of the wheelset and lead to additional impact stresses. In addition, the rail is subject to bending loads during wheel passage. Neither of these additional loading mechanisms has been simulated here and would need studying by field trials before defect severity in rail applications can be fully quantified.
CONCLUSIONS
This work has described a twin-disc machine-based series of experiments to study the effect of surface damage and solid contamination on wheel-rail contact life. The experimental method has proved robust and to give good repeatable results. Broadly the conclusions drawn are as follows:
1. Under oil lubrication, surface dents showed a rapid size reduction of about 40-50 per cent and then remained virtually stable with further cycling. An obvious influence of conical and pyramidal dents on fatigue life has been demonstrated. However, neither transverse nor longitudinal scratches had any influence on disc life. 2. Under water lubrication, dent sizes decreased continuously throughout the test until closure of the dent mouth occurred. The dents and longitudinal scratches had no influence on the life of the contact. The whole of the surface exhibits cracking with no particular disposition towards the region of the indentation. Transverse scratches promoted some surface crack networking and so demonstrated a minor influence on contact life. 3. Oil is more effective in reducing crack face friction while water is able to penetrate to the crack tip more easily. In water-lubricated cases, surface cracks grew everywhere on the surface. With oil-lubricated cases, failure occurred at an indentation. It is proposed that the increased traction and fluid penetration under water lubrication is the origin of these differences. 4. Evidence of particles embedding in the softer wheel surface and scratching the hard rail surface was seen in the solid contaminated tests. This caused the harder rail to wear at 2.5 times the rate of the softer wheel. The direction of traction had no effect on the abrasion mechanism.
5. The presence of solid contaminants causes rapid damage to the surfaces. The contaminants act to indent the surface and modify the friction and resulting surface traction. Wet contamination is marginally more serious than water alone. Dry contamination is slightly less serious than a dry test alone. The dents do not lead to local fatigue cracking, but a few cycles of dry contamination can have a strong effect on the life of a subsequently clean but water-lubricated test. 6. These tests demonstrate that rail steel materials are relatively insensitive to the presence of surface damage when operating in their normal environment (i.e. dry or water-lubricated). Subject to suitable field testing, it may be possible to reduce the tolerance on rail surface damage during manufacture or operation.
